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Electric dipole moment of the neutron from
a flavor changing Higgs-boson
Jan O. Eeg∗
Department of Physics, University of Oslo,
P.O.Box 1048 Blindern, N-0316 Oslo, Norway
I consider neutron electric dipole moment contributions induced by flavor chang-
ing Standard Model Higgs boson couplings to quarks. Such couplings might stem
from non-renormalizable SU(2)L×U(1)Y invariant Lagrange terms of dimension six,
containing a product of three Higgs doublets. Previously one loop diagrams with
such couplings were considered in order to constrain quadratric expressions of Higgs
flavor changing couplings to quarks. In the present paper the analysis is extended to
the two loop level, where there are diagrams for electric dipole moments of quarks
with a flavor changing Higgs coupling to first order only. The divergent loops, due to
non-renormalisabillity, are parametrized in terms of an ultraviolet cut-off Λ. I also
consider QCD corrections, including the mixing with the color electric dipole mo-
ment, while the contribution from the Weinberg operator is found to be negligible.
The effect of QCD corrections is to suppress the bare result.
Using the current experimental bound on the neutron electric dipole moment, then
for cut offs from one to seven TeV, I find a constraint of order 10−3 for the imaginary
part of the product of the Higgs flavor changing coupling for (d→ b)-transition and
the CKM element Vtd. Assuming that the previous bound of the absolute value of the
Higgs flavor changing coupling for (d→ b)-transition obtained from Bd− B¯d-mixing
is saturated, the experimental bound on the neutron electric dipole moment would
be reached for the bare result, if the cut off were extended up to about ca 20 TeV.
However, QCD corrections suppress this result by a factor of order ten, and keep the
nEDM below the experimental bound.
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I. INTRODUCTION
An electric dipole moment (EDM) for elementary particles is a CP-violating quantity and
it gives important information on the matter anti-matter asymmetry in the universe. EDMs
of elementary fermions within the Standard Model (SM) are induced through the Cabibbo-
Kobayashi-Maskawa (CKM) CP-violating phase. EDMs are studied also within many models
Beyond the SM (BSM). For reviews on SM and BSM EDMs, see[1–5]. Experimentally only
bounds on electron, muon, proton and neutron EDMs are determined [6]. Explicitly, for the
EDM of the neutron (nEDM ≡ dn) discussed in this paper, the present experimental bound
is [7]
dexpn /e ≤ 2.9× 10−26 cm . (1)
Within the SM, the nEDM is calculated to be several orders of magnitudes below the
experimental bound. Calculations of the nEDM will in general put bounds on hypothetical
models BSM, and any measured nEDM significantly bigger that the SM estimate (10−32 to
10−31 e cm) would signal New Physics.
The SM contributions to the nEDM are well known and thoroughly explained in [1]. At
a low energy scale one can construct an effective Lagrangian
Leff = L4 + L5 + L6 + ... , (2)
with all possible CP-odd operators of appropriate dimension. The QCD-odd term gives
the dimension 4 operator [1, 5]. The dimension 5 term contains electric dipole moment
operators as well as color electric operators of quarks. The color electric operator and the
the CP-odd three-gluon Weinberg operator (of dimension six) will in general mix under
QCD renormakization [1–3]. The electric dipole moment of a single fermion in (2) has the
form
L5,em = i
2
df ψ¯fσµν F
µν γ5ψf , (3)
where df is the electric dipolement of the fermion, ψf is the fermion (quark) field, F
µν is the
electromagnetic field tensor, and σµν = i[γµ, γν ]/2 is the dipole operator in Dirac space. The
color electric dipole operator is given by the same expression with df replaced by the color
3electric dipole moment dcf and Fµν replaced by G
a
µν t
a, where Gaµν is the color octet gluon
tensor, and ta are the SU(3)c color matrices. The electric dipole operator in (3) for quarks
appears within the SM from three loop diagrams with double Glashow-Iliopoulos-Maiani
(GIM)- cancellations and in addition a gluon exchange. These are of order αsG
2
F , and
are proportional to quark masses and an imaginary Cabibbo-Kobayashi-Maskawa(CKM)
factor. They were found to be very small, of order 10−34e cm [8, 9]. Still within the SM,
many contributions to the nEDM due to interplay of quarks in the neutron, were studied
[1, 10–19]. These mechanisms, gave results of order 10−33 to 10−31e cm.
The nEDM due to EDMs of light u- and d-, and even s-quarks may be given by the
formula
dn = ρu du + ρd dd + ρs ds , (4)
similar to a corresponding formula for the magnetic moment. In the strict valence approxi-
mation,
ρu = −1
3
, ρd =
4
3
, ρs = 0 , (5)
while lattice calculations [20, 21] give
ρu = −0.22± 0.03 , ρd = 0.74± 0.07 , ρs = 0.008± 0.010 . (6)
Note that there is a contribution to the nEDM from the EDM of the s-quark, with a small
coefficient.
Many models BSM suggest possible new particles and/or new interaction Lagrange terms
inducing EDMs [1–5, 10, 22–32]. In the case of New Physics (NP) presence, flavor physics
might be testable through CP-violating asymmetries in mesonic decays [23, 24, 33]. The
properties and couplings of the physical Higgs boson (H) are still not completely known.
Some authors [34–39] have suggested that the physical Higgs boson might have flavor chang-
ing couplings to fermions which might also be CP-violating. In these papers bounds on
quadratic expressions of such couplings were obtained from various processes, say, like
K − K¯, D − D¯ , and B − B¯ - mixings, and also from leptonic flavor changing decays like
µ → e γ and τ → µ γ. In the latter case two loop diagrams of Barr-Zee type [40] were
also considered [34–36, 41]. (See also [42]). Flavor changing couplings of this type will oc-
cur if the SM Higgs have non-renormalized interactions appearing when higher mass states
are integrated out. For instance, flavor changing Higgs (FCH) couplings might stem from
SU(2)L × U(1)Y -invariant but non-renormalizable Lagrangian terms of dimension six.
4The purpose of the present paper is to extend the analysis of [35, 36] to two loop diagrams.
In the one loop case one needed two FCH couplings to generate the EDM. In the two loop
case it is however possible to find diagrams with the FCH coupling to first order only, while
the rest of the couplings are ordinary SM couplings.
Some of these two loop diagrams considered here give contributions suppressed by the
small mass ratio md/MW for the ordinary SM Higgs coupling to fermions. (MW denotes the
mass of the W -boson and mq is the mass of the quark q). However, if the Higgs is coupled to
a top (t) quark one might obtain relevant non-suppressed contributions. Motivated by the
result of the previous work [32], I consider such diagrams. There are additional reasons to
extend the analysis in [35, 36] for nEDM to two loop level. Namely, in general, it is known
that some two loop diagrams might give bigger amplitudes than one loop diagrams because
of helicity flip(s) in the latter [35, 36, 41, 43]. In the present case, two loop amplitudes
will be proportional to a large ttH coupling or a large WWH coupling within the SM, in
contrast to the small SM Higgs couplings to light fermions. This might compensate for the
two loop suppression of the diagrams. I have also adressed the issue of perturbative QCD
corrections, which turn out to suppress the bare result.
In the next section (II) I will present the framework for the FCH couplings. In the
sections III and IV two loop calculations for the FCH couplings will be presented. The
QCD corrections are presented in section V. In section VI the results will be discussed, and
the conclusion given in section VII. An Appendix is given in section VIII.
II. FLAVOR CHANGING PHYSICAL HIGGS?
Within the framework in [34–39] (see also ref. [44]) the effective interaction Lagrangian
for the FC transition f1 → f2 due to Higgs exchange can in general be written
Leff = YR(f1 → f2) · (f2)LH (f1)R + h.c. , (7)
where f1,2 are fermion fields, H the physical Higgs field and YR(f1 → f2)’s are coupling
constants, thought to be complex numbers. Then, from the hermitean conjugation part,
there will be a left-handed f2 → f1 coupling
YR(f1 → f2)∗ = YL(f2 → f1) (8)
5Flavor changing Higgs couplings of the type presentes in eq. (7) may occur if there are
non-renormalizable Higgs type Yukawa-like interactions due to dimension six operators, as
shown explicitly in [36, 39] :
L(D) = −λij QiΦDj − λ˜ij
Λ2NP
QiΦDj (φ)
†Φ + h.c. , (9)
where the generation indices i and j are understood to be summed over the values 1,2,3.
Further, Φ is the SM Higgs field, Qi is the left-handed SU(2)L quark doublets, and the Dj ’s
are the right-handed SU(2)L singlet d-type quarks in a general basis. Moreover, ΛNP is
the scale where New Physics is assumed to appear. There is a similar term as in (9) for
right-handed type u-quarks, Uj.
Using the assumptions based on (7), one obtains one loop diagrams for EDMs of u- and
d-quarks [35, 36]. The one loop diagram in Fig. 1 - with FCH coupling at both vertices,
puts bounds on quadratic expressions of the Y ’s for definte choices of flavor. Note that this
diagram gives a finite contribution to quark EDMs.
u, d u, d
q
H
γ
FIG. 1: One loop diagrams for EDMs of u- and d-quarks with FC Higgs couplings. Here q = s, b
for an EDM of the d-quark and q = c, t for an EDM of a u-quark.
III. DIAGRAMS WITH ONE FC COUPLING -AND A tt¯H-COUPLING
In Fig. 2 are shown some two loop diagrams for the EDM of a d-quark generated by
exchange of one physical Higgs (H) boson and one W -boson, with a sizeable Higgs coupling
∼ gW mt/MW to a top quark and where only one of the Higgs couplings are flavor changing
(a soft photon is assumed to be added). The non-crossed version to the left in Fig. 2 does
not give non-suppressed contributions. Taking crossed Higgs and W -bosons are equivalent
to the topologies in the middle and right of Fig. 2.
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FIG. 2: Three diagrams with FC Higgs coupling for EDMs of a d-quark. Soft photon emission
from one of the charged particles is assumed to be added. The left diagram will give contributions
suppressed by mu,d/MW . Taking the crossed diagrams in the center or to the right, we will get
contributions which are not suppressed by light quark masses. The diagram to the right is the
complex conjugate of the diagram in the middle.
Adding a soft photon to the diagram in the middle and to the right, we get four diagrams
for both cases. In Fig. 3 the four diagrams obtained by adding a soft photon emission to
the diagram to the right in Fig. 2 are shown.
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FIG. 3: Four diagrams for an EDM of a d quark obtained by adding a soft photon to the diagram
to the right of Fig. 2. There are also corresponding diagrams where the W -boson is replaced by
an unphysical Higgs-boson within Feynman gauge.
I have found that the results for the loop contributions in Fig. 3 have the form:
M(f → fγ)(a) = A
(
f¯ σ · F PR f
)
, (10)
7and that the diagrams with interchanged order of H and W loops, as in the middle of Fig.
2 have the form:
M(f → fγ)(c) = A∗
(
f¯ σ · F PL f
)
, (11)
where PL = (1− γ5)/2 and PR = (1+ γ5)/2 are projectors in Dirac space. Thus the electric
dipole moment is found to be:
(df)2−loop = 2 Im(A) . (12)
There is also a contribution to the magnetic moment (i.e the gyromagnetic quantity (g−2))
given by 2Re(A).
The contributions from the four diagrams (i = 1-4) in Fig. 3 and its complex conjugates
can then, by using (12) be written
(
dd
e
)i = eˆi F2 Si Im[YR(d→ b) V ∗td Vtb] , (13)
where the eˆi’s are the electric charges (in units e= the proton charge) of the photon-emitting
particles, i.e. eˆ1,3 = eˆt = +2/3, eˆ2 = eˆb = −1/3, and eˆ4 = eˆW = +1. Here I have used the
relations (8) and (12). Note that a left-handed coupling YL(d→ b)PL would not contribute
in (13) due to wrong chirality. The V ’s are CKM matrix elements in the standard notation.
The constant F2 sets the overall scale of the EDMs obtained from the two loop diagrams:
F2 =
g3W
MW
√
2
(
1
16pi2
)2
=
2M2W
v3
(
1
16pi2
)2
≃ 6.94× 10−22 cm , (14)
where I have used the conversion rule 1/(200MeV ) = 10−13cm. The quantities Si in (13)
are dimensionless functions of the masses of the particles entering the two loop diagrams.
Some details from the loop calculations are given in the Appendix.
Using Feynman gauge for theW -boson, one has also to add diagrams with the unphysical
Higgs field φ± (i.e. the longitudinal component of theW -boson) given by the the Lagrangian
Lφtd = − gW
MW
V ∗tdd¯ φ−(mdPL − mtPR)t + h.c. . (15)
For finite loop diagrams, a typical example is given in (51)-(53), while other finite integrals
are given with same type formulae with permuted masses, The loop functions S1 and S2 are
finite, dimensionless, and depend on the mass ratios
ut = (mt/MW )
2 = 4.64 , uH = (MH/MW )
2 = 2.44 . (16)
8The masses of the W -boson, the t-quark and the physical Higgs-boson H are of the same
order of magnitude. Therefore, because of lack of a clear mass hierarchy, it makes no sense
to consider leading logarithmic approximations, in contrast to [32]. Numerically, I find
S1 = − 2.55 ; S2 = 2.50 . (17)
If the soft photon is emitted from the top quark after exchange of the Higgs boson, as in
the third diagram from left in Fig. 3, or from the W -boson in the fourth diagram, the left
sub-loop containing the Higgs boson is logarithmically divergent, which is not unexpected
because the interaction in (9) is non-renormalizable. Each of the divergent integrals ∼ ln(Λ2)
are followed by finite logarithmic terms more cumbersome than for finite loop integrals, and
such integrals are given by expressions like in (58), also with masses permuted for different
diagrams.
The total contribution from the third digram in Fig. 3, including the contribution from
the unphysical Higgs, is
S3 = ut p1(ut)CΛ + 1.81 . (18)
Here the UV divergence is parametrized through the quantity
CΛ ≡ ln( Λ
2
M2W
) +
1
2
, (19)
where Λ is the UV cut-off. Numerically, CΛ is ∼ 5.5 to 9.4 for Λ ∼ 1 to 7 TeV. Furthermore,
ut p1(ut) is the result of the second subloop. Here
p1(u) ≡ u
(u− 1)
(
1− ln(u)
u− 1
)
; p1(ut) = 0.737 , (20)
where ut is given in (16).
The fourth diagram in Fig. 3 with the soft photon emitted from the W -boson again
contains a divergent part, and the total contribution to the fourth diagram is
S4 = −3
4
p2(ut)CΛ + 2.98 , (21)
where
p2(u) ≡ u
(u− 1)
(
u · ln(u)
u− 1 − 1
)
; p2(ut) = 1.219 . (22)
Summing all contributions from diagrams in Fig. 3, I find
(
dd
e
)F ig.3 = (1.65 + 1.37CΛ) · F2 · Im[YR(d→ b) V ∗td Vtb] . (23)
9There are in addition contributions from the same diagrams in Fig. 3, but with other
quarks in the loop. If the b-quark is replaced by an s-quark, the CKM factors are two orders
of magnitude smaller, and in addition YR(d→ s) has a stricter bound from K − K¯-mixing.
If the t-quark is replaced by the u- or c-quark, the contributions are suppressed by (mu/mt)
2
and (mc/mt)
2, respectively.
There are also similar diagrams for EDM of an u-quark, i.e. like in Fig. 3 with the t-
and the b-quarks interchanged. This amplitude has the same structure as in (13), and is
proportional to the combination Im[YR(u→ t)·V ∗tb Vub]. But the u-quark EDM contributions
will be neglected. First, the ordinary SM coupling of the Higgs will be proportional to
mb/MW instead of mt/MW for the d-quark case. Then it turns out that the prefactors Si for
u-quark EDM contributions are suppressed by a factor of order (mb/mt)
2 ∼ 10−3 compared
to the analogous d-quark contributions. Second, even if the ratio between YR(u → t) and
YR(d → b) would be of order mt/mb, the u-quark EDM contribution to the nEDM in (4)
would still be suppressed by |(ρu · mb)/(ρd · mt)| ∼ 10−2 compared to the d-quark EDM
contribution to the nEDM.
IV. DIAGRAMS WITH ONE FC COUPLING -AND A WWH-COUPLING
We will now consider another class of two loop diagrams generated by FC Higgs-boson
couplings. These diagrams shown in Fig. 4 have a big WWH-coupling ∼ gW MW and only
one FC Higgs coupling to a fermion. These two loop diagrams are divided in three types: the
(a)-diagrams with Higgs exchange to the left, the (b)-diagrams with Higgs exchange in the
middle, and the (c)-diagrams with Higgs exchange to the right. In the limit of small external
light quark momenta, which we work, the (b)-diagrams are zero due to (odd) momentum
integration, or they are suppressed by small external quark masses. The (c)-diagrams are
complex conjugates of the (a)-diagrams. Soft photon emission from one of the charged
particles should of course be added in Fig. 4, as seen in Fig. 5 for the (a)-diagrams. The
(a) diagrams give contributions like in (10), and the (c) diagrams like in (11).
The relevant piece of the SM Lagrangian for a Higgs coupling to two W -bosons is given by
LWWH = gW MW
√
2HW (−)µW (+)µ . (24)
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(a) (b) (c)
FIG. 4: Three diagrams with one WWH-Higgs coupling and one FC Higgs coupling for EDMs
of a u- or d-quark. Soft photon emission from one of the charged particles is assumed to be
added. The (b) diagrams are zero in the limit of zero external momentum of the light quarks due
to momentum integration, or are suppressed by small light quark masses. The (c) diagrams are
complex conjugates of the (a) diagrams . Here q = s, b and q˜ = u, c, t for EDM of a d-quark, and
q = c, t and q˜ = d, s, b for EDM of a u-quark.
Using Feynman gauge for the W -boson, we must also consider Lagrangian terms for a
physical Higgs coupling to a W -boson and the unphysical Higgs boson φ±. In addition to
the term for quarks coupling to φ± in (15), there is the relevant HWφ±- coupling obtained
from the Lagrangian
LHWφ = gW√
2
{H (i∂µφ−) − (i∂µH)φ−} W (+)µ + h.c. (25)
Because of derivative couplings, the vertices involving the unphysical Higgs φ± will depend on
the loop momenta, which might give divergent (sub-)loops. There are alsoWγφ±-couplings,
but they do not contribute for soft photon emission.
In the preceeding section (III), for all the shown diagrams in Fig.3, the physical Higgs
coupled to the top quark with strength ∼ gWmt/MW . Also the chiral structure of the
diagrams is such that these diagrams are proportional to m2t , and even m
4
t in S3. In the
present section the diagrams have a flavor blind WWH coupling, and have another chiral
structure, and one gets diagrams ∼ m2t only for the case when the W -boson is replaced by
an unphysical Higgs φ±. Therefore I have apriori considered all quark flavors in the loops,
although it is expected that the GIM-mechanism will cancel the leading terms with light
quark flavors, except for the difference between the t-quark and the c-quarks contribution.
Contributions to the d-quark EDM from soft photon emission from the quark q = s, b in
11
u, d
q q˜
γ
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u, d u, d
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u, d
H
W
W
γ
u, d
q q˜
H W
W
γ
u, d
W
FIG. 5: Emission of a soft photon from (a)-type diagrams of Fig. 4. There is also a diagram with
emission from the W in center of the diagram, and in addition graphs with the W replaced by an
unphysical Higgs within Feynman gauge.
the diagram 5a,( i.e. to the left in Fig. 5) can in the general case be written :
(
dd
e
)5a = − 2 eˆs F2 {Im [YR(d→ s) λu] ·∆fd(s, u− c) + Im [YR(d→ s)λt] ·∆fd(s, t− c)}
− 2 eˆb F2 {Im [YR(d→ b) ξu] ·∆fd(b, u− c) + Im [YR(d→ b) ξt] ·∆fd(b, t− c) } ,(26)
where F2 is given in (14) and where eˆs = eˆb = −1/3 are charges for the photon-emitting
quarks, and the λ’s and the ξ’s are CKM factors:
λq˜ = V
∗
q˜dVq˜s , ξq˜ = V
∗
q˜dVq˜b , q˜ = u, c, t . (27)
The ∆f ’s in (29) are differences, due to GIM-cancellation, between loop functions f(q, q˜),
for given flavors q = s, b and q˜ = u, c, t. These are functions of quark, W -boson and Higgs
masses. Above, I have used the shortages
∆fd(b, t− c) ≡ f(b, t) − f(b, c) ; ∆fd(s, c− u) ≡ f(s, c) − f(s, u) , (28)
and so on in a self-explanatory way.
The quantities f(q, q˜) are finite, and are of order 10−1 to 1. The GIM-cancellations for the
difference between the u- and c-quark contributions are very efficient, such that the differ-
ences ∆fd(s, u− c) and ∆fd(b, u− c) are of order 10−3 to 10−7, and can be safely neglected.
Contributions with the t-quark in the loops are significantly different from contributions
involving the lighter quarks. Thus, the determination of both the t-quark and the c-quark
contributions will be important. In this case the GIM cancellation is not efficient.
12
Contributions to the d-quark EDM from soft photon emission from the quark q = s, b in
the diagram 5a,the dominating contribution can be written :
(
dd
e
)5a = − 2 eˆb F2 {Im [YR(d→ b) ξt] ·∆fd(b, t− c) } , (29)
where F2 is given in (14) and where eˆb = −1/3 is the charge for the photon-emitting b-quark,
and ξq˜ = V
∗
tdVtb. There are also other contributions which are small and can be neglected.
The quantity ∆fd(b, t− c) from loop calculations is the difference between the b→ t and
the b→ c contributions, and is given by
∆fd(b, t− c) ≃ −0.34 . (30)
The diagram with soft photon emission from the quark q˜ = u, c, t, is shown the center of
Fig. 5 (i.e Fig. 5b). Adding contributions where the W is replaced by an unphysical Higgs
φ±, one obtains divergent contributions for these loop functions.
Because the WHφ±-vertex is momemtum dependent, the left subloop is divergent, re-
flecting again that the theory based on the Lagrangian in eq. (7) alone is not renormalizable.
The numerically relevant term from diagram 5b is given by
(
dd
e
)5b ≃ +2 eˆq˜ F2 · Im [ξt YR(d→ b)] ·∆hd(b, t− c) , (31)
where ∆hd(b, t− c) is defined similar to the ∆f ’s in eq.(28). In this case there is a divergent
term when W is replaced by the unphysical Higgs φ±, and the total result from diagram 5b
is
∆hd(b, t− c) = p2(ut)CΛ − 1.26 , (32)
where CΛ is given in (19) and p2(u) in (22).
An example for diagrams with a soft photon emitted from the W -boson is shown at the
right of Fig. 5 (Fig. 5c). Also in this case there are divergent diagrams, because the left
sub-loop might be divergent for the replacement W → φ±. After GIM-cancellation the
dominant term is
(
dd
e
)5c ≃ 3 eˆW F · Im [YR(d→ b) ξt] ·∆kd(b, t− c) , (33)
where one finds
∆kd(b, t− c) = 1
2
p2(ut)CΛ − 2.48 (34)
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Neglecting small contributions (all except those proportional to V ∗td Vtb ≡ ξt), and sum-
ming all contributions from diagrams in Fig. 5 one finds
(
dd
e
)F ig.5 = (3.46CΛ − 9.35) · F2 · Im[YR(d→ b) V ∗td Vtb] (35)
The EDM of the u-quark is neglected due to small loop functions (-after GIM-cancellation),
small CKM-factors. Moreover, the comments about the YR’s at the end of the previous
sections are also relevant here.
V. PERTURBATIVE QCD CORRECTIONS
Summing all two loop contributions from section III and IV, I obtain the total bare
dominanting contribution for an EDM of the d-quark:
(
dd
e
)bareTot =≡ CE(µΛ)(4.83 = CΛ − 7.70)F2 Im[YR(d→ b) V ∗td Vtb] . (36)
But perturbative QCD effects must also been taken into account. The color electric term can
be easily found from the same expressions for photon emission from quarks (corresponding
to all quark charges put to +gs). The total color electric term is then found to be
(
dd
gs
)bareTot = CC(µΛ) = (1.96CΛ − 2.55)F2 Im[YR(d→ b) V ∗td Vtb] . (37)
There are also contributions from the Weinberg operator for the FCH couplings. Contri-
butions to the Weinberg operator proportional to Im[YR(d→ b) V ∗td Vtb], are shown in Fig. 6.
These are however very small due to “wrong” chiralities, are suppressed by md/MW , and
will therefore be neglected.
The color electric term mixes into the EDM term in (3) due to renormalization effects in
perturbative QCD. The relevant mixing matrix under QCD renormalization at one loop
level is given in [46]. This result is also used in [38]. The result for the coefficient CE of the
EDM-operator describing the running from a high scale µhigh down to a smaller scale µlow
is
CE(µlow) = η
κECE(µhigh) +
γCE
γE − γC (η
κE − ηκC )CC(µhigh) . (38)
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FIG. 6: The contributions to the Weinberg operator for the flavor changing Higgs interaction
YR(d → b), represented by the grey blobs to the left in both diagrams. Three gluon lines have to
be attached to quark lines.
There is also a term due to the Weinberg operator which is omitted here because of the
negligible contribution mentioned above. In this one loop formula, γE and γC are the
anomalous dimensions of the EDM- and the color electric operators, respectively, and γCE
describes the mixing of the color operator into the EDM operator. One has
γE = γCE =
32
3
, γC =
28
3
, (39)
and
κi =
γi
2β0
; η =
αs(µhigh)
αs(µlow)
; β0 = 11− 2nf
3
, (40)
where nf is the number of active quark flavors, which is nf = 6 above the t-quark scale and
nf = 5 below. In the present case one should do the running in four steps, from the big
scale µΛ ∼ Λ down to the top scale µt ∼ mt with β0 = 7, from the top scale down to the
b-quark scale mb with β0 = 23/3, brom the b-quark scale down to the charm scale mc with
β0 = 25/3, and at last from the charm scale down to the hadronic scale µh ∼ 1 GeV with
β0 = 9.
Including QCD corrections, I obtain at the hadronic scale µh = 1 GeV:
dd/e = Ce(µh) = K1 η
16
21 CE(µΛ) +
(
K1 (η
16
21 − η 1421 ) + K5 η 1421
)
CC(µΛ) . (41)
where η ≡ αs(µΛ)/αs(µt), and where K1 and K5 takes care of the QCD corrections below
µt, and are given in eqs. (60) - (64) in the Appendix. The one loop result should be a good
approximation above top mass scale, but not for lower scales, i.e. not below say, the b-quark
scale.
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VI. SUMMARY AND DISCUSSION
As expected, there are cases where the considered two loop diagrams for the EDMs of d-
and u-quarks diverges. This happens for cases in section III where the left sub-loop in Fig.
7 is involved, and for diagrams where the unphysical Higgs (φ±) is involved both in sect III
and IV. More specific, the left diagram in Fig. 7 which looks like a vertex correction for
d→ W + u, c, t is logarithmically divergent. Actually, this diagram generates a logarithmic
divergent right-handed current which has no match in the SM. The diagram at the right
in Fig. 7 is convergent, but if the W -boson is replaced by an unphysical Higgs φ±, when
used in two loop diagrams as in Fig. 5, we obtain logarithmic divergent diagrams due to a
momentum dependent vertex, as seen from (25). These are numerically relevant if the quark
q˜ is a top quark. The dominating divergent terms in section III and IV are proportional
to m2t (-or even m
4
t in one case in section III). It should also be noted that the first and
last diagram in Fig. 5 are relevant for the EDM of the electron [45]. However, in that case
the divergent terms would be proportional to powers of a tiny neutrino mass, instead of the
top-quark mass.
d
b t
t
H
W
d b
H
W
t
W
FIG. 7: The divergent effective W-loop vertex correction diagram relevant for diagrams of section
III (left), and the (finite) effective vertex correction relevant for diagrams in section IV (right).
All contributions (after GIM-cancellation) not proportional to ξt ≡ V ∗td Vtb are neglected,
using bounds on other YR’s [35, 36], as explaned in the preceeding sections. Also all the
contributions for an EDM of the u-quark can be neglected, for reasons given at the end of
the sections III and IV.
I have also neglected the s-quark contribution ds for the following reason: The loop
functions for the s-quark are numerically close to the ones for the d-quark. The CKM factor
is bigger, but γs/γd ≃ 10−2, such that the contribution to the result in (4) from the ds is of
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order 5%. Thus our final result for the nEDM is simply
dn ≃ ρd dd , (42)
where the lattice value of ρd is given in (6). Using the experimental bound for nEDM in (1),
the result (36) of the present study gives the bound
|Im
[
YR(d→ b) · V
∗
td Vtb
|V ∗td Vtb|
]
| ≤ (1.2 to 2.2)× 10−3 . (43)
for values of Λ from one up to seven TeV.
From the mathematical point of view, Λ is the quantity which regularise the divergent
two loop diagrams, while ΛNP in (9) is introduced as a dimensional quantity parametrising
the YR’s and indicates the scale of new physics. But these scales are expected to be of the
same order of magnitude.
In (43) I have found a bound on the imaginary part of the coupling YR(d→ b) multiplied
by the CKM entry V ∗tdVtb (-remenbering that Vtb ≃ 1). Thus the present bound is not
directly comparable to the previous bound 1.5 × 10−4 on the absolute value of YR(d → b)
given in refs. [35, 36]. But, turning things around, if the bound for YR(d→ b) found in [36]
is assumed to be saturated, then one can see how close to the experimental bound on the
nEDM in (1) my value of nEDM might come. This is illustrated explicitly as follows:
Using (36), the lattice values in (6) and absolute value of V ∗td Vtb from [6], one may write
my result for the nEDM in the following way
dn/e ≃ N(Λ)×
{ |YR(b→ d)|
|YR(b→ d)|Bound · Im
[
YR(d→ b)
|YR(b→ d)| ·
V ∗td Vtb
|V ∗td Vtb|
]}
× 10−26 cm , (44)
where I have scaled the result with the bound from [35, 36]:
|YR(d→ b)| ≤ 1.5× 10−4 ≡ |YR(d→ b)|Bound . (45)
Defining first
Ca = F2 Im[YR(d→ b) V ∗td Vtb] Cˆa , (46)
for a = E,C, I further define the function N(Λ), by the relation
ρd F2 |YR(d→ b)|Bound|V ∗td Vtb| CˆE(µΛ) = N(Λ) × 10−26 cm . (47)
The function N(Λ) is plotted as a function of Λ in Fig. 8.
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Now, the maximal value of the parenthesis {...} in (44) is = 1. Then, if the bound for
YR(d→ b) is saturated, the plot for the function NΛ in Fig. 8 shows that when the cut-off Λ
is stretched up to 20 TeV, the bound for nEDM in (1) is reached in the bare case, while the
perturbative QCD-suppression tells us that the value of the nEDM can at maximum be of
order one tenth of the experimental bound for Λ up to 20 TeV. If the bound for |YR(d→ b)|
is reduced, and also Λ is reduced, my value for nEDM will be accordingly smaller.
FIG. 8: The quantity N(Λ), in units 10−26 cm, as a function of cut-off Λ (in TeV)
VII. CONCLUSION
In conclusion, I have explored the consequenses for the nEDM of having flavor changing
Higgs couplings. In the scenary of [36, 39] such couplings might stem from a six dimensional
non-renormalizable, SU(2)L × U(1)Y gauge-invariant Lagrangian piece proportional to the
third power of the SM Higgs doublet field, as seen in eq. (9). While previous analysis [35, 36]
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obtained bound(s) of quadratic expressions of the FCH coupling(s), in the present paper the
analysis is extended to the two loop case for quark EDMs generated by a flavor changing
Higgs coupling YR(d→ d) to first order only.
I have found and calculated two loop contributions which gives a bound for the imaginary
part of the product of YR(d→ b) and the CKM entry V ∗tdVtb (where Vtb is known to be very
close to one). This bound cannot be directly compared with the bound from [35, 36], which
is on the absolute value. But even if this bound on the absolute value is saturated, and even
if Λ is stretched up to 20 TeV, it is seen from Fig. 8 that the value of the nEDM can at
maximum be of order one tenth of the present experimental bound in (1).
VIII. APPENDIX
Many loop diagrams are suppressed because of chirality (PL PR = 0), or asymmetric
(odd) momentum integration like:∫
d− p f(p2; masses) pµ = 0 . (48)
To simplify calculations I use the effective quark propagator in a soft electromagnetic
field F [47]:
S1(k, F ) = (−eq
4
)
{(γ · k +mq) , σ · F}
(k2 −m2q)2
, (49)
where k is the four momentum and mq the mass of the quark q. The notation {A,B} ≡
AB + BA is used. Similarly, for emission of a soft photon from a W -boson, the effective
propagator is:
(D1(k, F ))
αβ = (−eW
4
)
3 i
(
gµαgνβ − gµβgνα) Fµν
(k2 −M2W )2
. (50)
These effective propagators can be used and are useful when the particles in the loop are
much bigger that the masses of the external particles.
A typical example for a finite loop integral is
Tµν =
∫
d−p d−r pµ rν
(p2 −M2H)(p2 −m2b)((r − p)2 −M2W )(r2 −M2W )(r2 −m2t )2
. (51)
where d−r ≡ d4r/(2pi)4. Integrating out momenta, the result of the loop integration gives:
Tµν =
(
1
16pi2
)2
gµν
4M2W
a(m2t ,M
2
W ,M
2
H) , (52)
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where the dimensionless loop function a(m2t , M
2
W , M
2
H) can be written in the compact form
a(m2t , M
2
W , M
2
H) =
∫ 1
0
dx
∫ (1−x)
0
dy
xyM2W
x(1− x)(M2F −M2H)
[
1 − M
2
H
M2F −M2H)
ln(
M2F
M2H
)
]
(53)
where the quantity M2F depends on masses and Feynman parameters:
M2F =
M2W + y(m
2
t − M2W )
x(1 − x) . (54)
The expression in (53) can be further found in terms of logarithmic and dilogarithmic func-
tions. Other finite terms are given with formulae as (51)-(53), but with masses permuted.
A term with ultraviolet divergence appears if rν is replaced by pν in the numerator when
doing loop integration in the subloop containing the integration over p. This happens for
instance when the W -boson is replaced by an unphysical Higgs φ± (the longitudinal W -
components) within Feynman gauge, or if the left diagram in Fig. 7 is involved. In addition
to a(m2t , M
2
W , M
2
H), the loop diagrams in section III wil be proportional to m
2
t/MW .
Divergent parts from the first subloop enters as
ln(Λ2/R) , (55)
where R = Q − x(1 − x)r2, where Q is a quantity depending on masses and Feynman
paprameters.(for inst Q = M2Wx +M
2
Hy, where x and y are Feynman parameters of the
first, divergent, subloop). The ln(R) term results in a finite term . For example, for third
diagram (with W± → φ±, one obtains :
Sφ3N = −
u2t
(uH − b)
∫ 1
0
dx x(1− x)[N(1, ut;B1)−N(1, ut;B0)] = −1.90 , (56)
where B0,1 are given as
B0 =
b+ x(ut − b)
x(1− x) ; B1 =
uH + x(ut − uH)
x(1 − x) , (57)
where ut and uH are given in (16), and b ≡ m2b/M2W .
N(C,A;B) ≡ (A
2 − AB)
C −A
(
ln(B)
A
+
ln(B
A
)
(B − A)
)
+
C(C − B)
(C −A)2 {
1
2
[ln(B − C)]2 + dilog( B
B − C ) − ln(C) · ln(B − C)}
+
[BC −A(2C − A)]
(C − A)2 {
1
2
[ln(B − A)]2 + dilog( B
B − A) − ln(A) · ln(B −A)} . (58)
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Further, there is a non-logarithimic finite term (not in ln(R) in eq. (55)): For other divergent
diagrams one has similar expressions with permuted masses.
The dilogarithmic function is in my case defined as
dilog(z) ≡
∫ z
1
dt
ln(t)
(1− t) =
∫ 1
0
dx
x
ln(1− (1− z)x) = Li2(1− z) . (59)
The QCD correction factors in (41) are
K1 = (
αs(µc)
αs(µh)
)
16
27 (
αs(µb)
αs(µc)
)
16
25 (
αs(µt)
αs(µb)
)
16
23 , (60)
K2 = 8
(
(
αs(µc)
αs(µH)
)
16
27 (
αs(µb)
αs(µc)
)
16
25 [(
αs(µt)
αs(µb)
)
16
23 − (αs(µt)
αs(µb)
)
14
23 ]
)
, (61)
K3 = 8
(
(
αs(µc)
αs(µh)
)
16
27 [(
αs(µb)
αs(µc)
)
16
25 − (αs(µb)
αs(µc)
)
14
25 ] (
αs(µt)
αs(µb)
)
16
23
)
, (62)
K4 = 8
(
[(
αs(µc)
αs(µh)
)
16
27 − ( αs(µc)
αs(µH)
)
14
27 ] (
αs(µb)
αs(µc)
)
16
25 (
αs(µt)
αs(µb)
)
16
23
)
, (63)
and
K5 = K2 + K3 + K4 . (64)
One could consequently stick to one-loop values for αs(µ) at the various scales. However,
I have used a hybrid version, taking into acount higher loop effects (see for example [48])
which are important below µb = mb, say. Then I have used αs(µt) = 0.109, αs(µb) = 0.23,
αs(µc) = 0.40, and αs(µh) = 0.52.
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